Both papers reveal how local and dynamic cadherin-based interactions can impart targeting specificity during circuit formation. Future studies in these systems will continue to provide important insights into the diverse functions of these and other molecules underlying the development of precise wiring within compact, complex neuropils. How basic helix-loop-helix (bHLH) transcription factors control neurogenesis and neuronal subtype specification through transcriptional mechanisms mediated by cell signaling remains to be fully elucidated. In this issue of Neuron, Ma et al. discover that phosphorylation via GSK3 of the bHLH factor, Ngn2 (Neurog2), adds a neuronal subtype-specific program to its functional repertoire that is activated in the developing neural tube in vivo.
How basic helix-loop-helix (bHLH) transcription factors control neurogenesis and neuronal subtype specification through transcriptional mechanisms mediated by cell signaling remains to be fully elucidated. In this issue of Neuron, Ma et al. discover that phosphorylation via GSK3 of the bHLH factor, Ngn2 (Neurog2), adds a neuronal subtype-specific program to its functional repertoire that is activated in the developing neural tube in vivo.
The formation of nervous system complexity has fascinated researchers for over a century. In the last few decades, molecular mechanisms by which progenitor cells differentiate and acquire their cell identity are only just beginning to be fully understood. Neuronal differentiation involves two closely linked processes, neurogenesis and neuronal specification. Neurogenesis is the process whereby the neural progenitor cell exits the cell cycle and initiates panneuronal gene expression. In contrast, neuronal specification refers to the acquisition of a specific neuronal identity such as neurotransmitter or projection phenotype (i.e., an interneuron versus a motor neuron). The process of neuronal differentiation is regulated by two major classes of transcription factors. Basic helix-loop-helix (bHLH) factors have a primary function in neurogenesis, but in some contexts also influence neuronal specification (for review, see Bertrand et al., 2002) . Whereas, the LIM-homeodomain (LIM-HD) factors, whose pattern of expression is regulated by signaling pathways such as sonic hedgehog (Shh) and bone morphogenic protein (Bmp), have a primary function in specifying neuronal identity (for reviews, see Jessell, 2000; Lee and Jessell, 1999) . How members of the bHLH and LIM-HD classes of transcription factors interact mechanistically to generate the entire nervous system with the correct number and type of neurons remains a fundamental question in neurobiology.
Mechanistic insight into how neural bHLH factors work in conjunction with LIM-HD factors to specify neuronal subtype was first provided in studies of the regulation of the motor neuron-specific gene, Hb9, in the ventral neural tube (Lee and Pfaff, 2003) . This study demonstrated that the enhancer of Hb9 integrates the activity of the two classes of factors via transcription factor binding site organization. While the Lee and Pfaff (2003) study addressed how bHLH and LIM-HD factors could coordinate neuronal subtype specification, it suggested that the bHLH merely enhanced the specification function of the LIM-HD factors and did not have a direct role in specification itself. This conclusion is consistent with the broad expression of bHLH factors in ventral neural progenitors and the observation that mice mutant for the bHLH factor Ngn2 have decreased expression of most classes of ventral interneurons and motor neurons (Scardigli et al., 2001) . This is in contrast to the role of bHLH factors demonstrated in the dorsal neural tube that show a clear function in neuronal subtype specification as well as neurogenesis (Bertrand et al., 2002; Gowan et al., 2001; Nakada et al., 2004) .
In this issue, Ma et al. (2008) lend further insight into the relationship between bHLH and LIM-HD factors by demonstrating that Ngn2 does function as a neuronal specification factor for motor neurons (Ma et al., 2008) . Ngn2 has this function only in a specific phosphorylated state that allows for Ngn2 interaction with a LIM-HD transcription complex. Furthermore, the phosphorylation of Ngn2, at least at serine residues S231 and S234, has no apparent role in the function of Ngn2 as an inducer of neurogenesis. The work by Ma et al. (2008) provides the first in vivo mechanistic insight into how cell signaling can alter the activity of a bHLH to produce differential functional outputs.
Phosphorylation of Ngn2 Is Required for Neuronal Specification and Not Neurogenesis
The authors identify two serines in the C terminus of Ngn2 that are conserved across multiple vertebrate species. They demonstrate that these serines are phosphorylated in vivo in the ventral neural tube in progenitors positioned to give rise to motor neurons and ventral interneurons. To determine the in vivo function of Ngn2 phosphorylation, mice were generated by targeted mutagenesis to knock in (KI) a form of Ngn2 where S231 and S234 were mutated to alanine, thus abrogating phosphorylation at these sites. This definitive strategy revealed that phosphorylated Ngn2 has a discrete function in specifying motor neurons but is not required for neurogenesis in general (Figure 1) . The latter conclusion comes from the observation that neuronal differentiation in the cranial ganglia and dorsal root ganglia, sites of Ngn2 expression, appears normal in the Ngn2 S231A&S234A mice. Consistent with this, cultured cortical rat progenitors expressing Ngn2 or Ngn2 with the alanine mutations differentiate normally.
The most striking phenotype detected in the Ngn2 S231A&S234A mouse is the decrease in motor neuron number, with a concomitant increase in the neighboring V2 interneuron population. This phenotype is in contrast to the Ngn2 null that has a decrease in multiple ventral neurons including both the V2 and motor neuron populations (Scardigli et al., 2001 ), a phenotype that was used to conclude that Ngn2 is required for neurogenesis but plays only a permissive role in neuronal subtype specification. does not enhance the ectopic motor neuron phenotype in the chick neural tube when coexpressed with DD-Isl1-Lhx3, a finding that supports the conclusions from the mouse KI experiments that phosphorylation at these sites is important for motor neuron specification. Biochemical support came from the cofractionation of Ngn2 with NLI, Isl1, and Lhx3, and coimmunoprecipitation of Ngn2 with NLI from endogenous neural tube tissue. The dependence on the phosphorylated form of Ngn2 for this interaction with NLI was shown in cultured cells overexpressing wild-type or mutant forms of Ngn2. Together, these findings support a mechanism by which phosphorylated Ngn2 gains a function in neuronal subtype specification by forming a transcription complex with NLI-Isl1-Lhx3 ( Figure 1C ). The other function of Ngn2, that of inducing neurogenesis, was not assessed in these overexpression experiments. (C) Ngn2 phosphorylated at S231 and S234 works in a LIM-HD complex to activate expression of motor neuron-specific genes such as Hb9. Phosphorylated Ngn2 at S231 and S234 is not required in LIM-HD complexes for generation of V2 interneurons. Whether nonphosphorylated Ngn2 at these sites plays a distinct role in activating V2-specific genes is not clear. The precise ratios of phosphorylated Ngn2 and E protein and the interaction with NLI is not known. (D) Shh induces expression of Ngn2, which is subsequently phosphorylated by the ubiquitously expressed kinase, GSK3. This activity of GSK3 is likely modulated by multiple undefined signaling pathways functioning in the ventral neural tube at this time.
GSK3 Phosphorylates Ngn2
Another major gap in our understanding of neural development is how known signaling pathways, such as Shh and Wnt, function in the neural tube to control the activity levels of essential transcription regulators like Ngn2. Ma et al. (2008) attempt to close this gap by identifying a kinase responsible for the serine phosphorylation of Ngn2. The ubiquitously expressed glycogen synthase kinase 3 (GSK3) was identified as the responsible kinase since manipulation of GSK3 activity, or levels, in embryonic stem cells induced to differentiate to motor neurons alters Ngn2 phosphorylation. Unfortunately, the identification of GSK3 as a relevant kinase does little to tie the activation function of the Ngn2 to a signaling pathway since it is not known how GSK3 is involved in this context. However, in embryonic stem cells induced to differentiate to motor neurons, Shh, a known inducer of ventral neuron identity (Jessell, 2000) , was shown to induce Ngn2 levels without altering GSK3 activity. Thus, Shh and GSK3 may work independently in this process with Shh regulating levels of Ngn2 and GSK3 phosphorylating at least a subset of Ngn2 factors for its activity in the NLI-Isl1-Lhx3 transcription complex ( Figure 1D ). Future experiments to identify signaling pathways that modulate GSK3 activity in the ventral neural tube and thus indirectly alter levels of Ngn2 available for specifying motor neurons are still required to gain a full molecular understanding of how neuronal diversity is generated.
Remaining Questions
In summary, Ma et al. (2008) demonstrate that GSK3-phosphorylated Ngn2 works in concert with a specific LIM-HD transcription complex to specify motor neuron cell type through a protein-protein interaction with the adaptor protein NLI. Phosphorylation at S231 and S234 of Ngn2 adds a new function of neuronal subtype specification that is absent in Ngn2 not phosphorylated at these sites. This is not the first report for phosphorylation of Ngn2 revealing a new function as phosphorylation at a tyrosine (Y241) is required for Ngn2 function in radial migration and dendritic morphology in cortical pyramidal neurons (Hand et al., 2005) . However, it is the first report for this type of posttranslational modification altering Ngn2's transcriptional activity. Further investigation will be required to determine how widespread the binding of phosphorylated Ngn2 is to NLI containing LIM-HD complexes in the neural tube. Ngn2, while not ubiquitous in the developing nervous system, is broadly expressed in neural progenitor domains. NLI is also broadly expressed throughout the developing neural tube and is thought to be a common adaptor for LIM-HD transcription complexes (Jurata et al., 1998) . This sets up a seeming conundrum since Ngn2 and NLI are coexpressed in several domains, but different neuronal subtypes are encoded. Clearly, there is some specificity since V2 interneurons do not require the modification of Ngn2, yet a NLI-LIM-HD complex is involved in specifying V2 as well (Thaler et al., 2002) . Further analysis of the Ngn2 S231A&S234A mutant mice will shed more light on this issue.
The broader implication for bHLH function raised from this study is whether posttranslational modification reflects a universal mechanism for modulating bHLH factor activities. This type of mechanism would allow inductive signals such as Shh, Wnt, Bmp, or FGF to influence differential phosphorylation of bHLH factors along the dorsal-ventral axis of the neural tube. Phosphorylation could alter proteinprotein or protein-DNA interactions in different cellular contexts influencing the diversity of neuronal cell types in the nervous system. The C termini of other neural bHLH factors such as Neurog1 (Ngn1), NeuroD4, and Ascl1 (Mash1) that are patterned along the dorsal ventral axis of the neural tube appear rich in candidate residues for phosphorylation that are conserved between multiple species. Ma et al. (2008) provide us with an exciting glimpse into the next generation of research as we attempt to understand how cell signaling results in posttranslation modifications of transcription factors essential for regulating the complexities of neuronal differentiation throughout the developing nervous system.
